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Abstract 23
Spatial working memory is important for foraging and navigating the 24 environment. However, its neural underpinnings remain poorly understood. The 25 hippocampus, known for its spatial coding and involvement in spatial memory, is widely 26 understood to be necessary for spatial working memory when retention intervals 27 increase beyond seconds into minutes. Here, we describe new evidence that the dorsal 28 hippocampus is not always necessary for spatial working memory for retention intervals 29 of 8 minutes. Rats were trained to perform a delayed spatial win shift radial arm maze 30 task (DSWS) with an 8-minute delay between study and test phases. We then tested 31 whether bilateral inactivation of the dorsal hippocampus between the study and test 32 placing the animal in the central hub with testing room lights off and hub doors closed. 110
After 1-min the doors opened automatically, and lights turned on allowing the rat to 111 freely forage. Lights were turned off during all hub placements in this and all future 112 phases of training to prevent increased exposure to extra-maze cues. The rats could 113 explore until all pellets were collected or 15 minutes had elapsed. 114
Pre-task Training 115
Pre-task training consisted of two phases, a study phase and a test phase. In the 116 study phase, the rat was placed in the central hub, after 1 minute, a random set of four 117 doors opened, and the rat was allowed to collect pellets from each. The rat was then 118 removed and placed in their home cage for an 8-min retention phase. During which, the 119 maze was cleaned. The test phase began by placing the rat in the hub and, after 1 min, 120 all eight doors opened. The four arms not opened at study were baited with pellets. The 121 test phase ended after all the pellets had been consumed or when 15 minutes elapsed. 122
The trial timeline is illustrated in Figure 1B . Criterion performance, required before 123 moving on in the study, was no more than three errors over four days, with any days 124 having errors requiring the optimal number of arm entries (for example 1 error requires 125 5 arm entries 2 errors 6 arm entries etc.). 126
Extended task experience prior to surgery 127
Rats in cohort one participated in two pilot experiments between reaching 128 criterion and receiving surgery (Figure 1 ). These pilot experiments consisted of test runs 129 through the task described below. These variants used retention intervals of 8, 60, and 130 150 minutes and varied the holding location of rats during the retention interval. Rats in 131 cohort two did not participate in pilot studies, reducing the total experience with the 132 task prior to surgery (see Results for comparison of training time between cohorts). 133
Task 134
The larger task design, from which the current trials of interest were drawn, 135 replicated the 'retrieval practice' design of Crystal et al. (2013) . In short, rats performed 136 a DSWS task on an 8-arm maze but on some trials, rats were placed back on the track at 137 after the remainder of a 60 min delay. Our study used a fully counterbalanced 3 x 2 139 design with 3 behavioral conditions {8 min retention, 60 min retention with retrieval 140 practice, 60 min retention without retrieval practice} and 2 infusion types {lidocaine, 141 phosphate buffered saline}. 142
Surgery 143
Rats were anesthetized with isoflurane (1 -4% in oxygen) and placed in a 144 stereotaxic frame (Kopf Instruments). A scalp incision was made, 2-4 screws were 145 inserted into the skull and two craniotomies were drilled to target dorsal hippocampus 146 with the coordinates AP: -3.8 mm, ML ±2.5 mm. Two 26-gauge guide cannulas (Plastics 147 one) were lowered into the brain, DV 1.8 mm from brain surface, and secured to the 148 anchor screws with dental acrylic. Dummy cannulas were inserted into the guide 149 cannulas. Rats recovered for 5+ days post-surgery. 150
Intracranial microinfusions 151
For infusions, the dummy cannulas were removed and injector cannulas with 1 152 mm projection prefilled with solution was inserted. A microinfusion pump infused a 153 total volume of 0.5ul at 0.5ul per minute per hemisphere. The injector cannula 154 remained in place for 1-minute post infusion to allow for liquid diffusion. The injector 155 was then removed, and a sterilized dummy cannula was secured into the guide cannula. 
Histology
After completing all trails, rats were sacrificed via isoflurane overdose and 168 perfused intracardially with saline followed by a 10% formalin solution. Brains were 169 extracted and stored in formalin. 72 hours prior to slicing, brains were transferred into a 170 30% sucrose solution. Brains were sectioned at 40 um along the coronal plane and 171 stained with 0.5% cresyl violet. Stained slices were imaged, and cannulas tip placement 172 was confirmed by reference to a rat brain atlas as shown in Figure 1C To test whether the dorsal hippocampus is necessary for accurate test 213 performance in a delayed win-shift spatial working memory task, we compared the 214 percent accuracy and number of arm entries at test in animals that received lidocaine or 215
PBS infusions between the study and test phases. 216
Performance did not significantly differ between the lidocaine and PBS 217 conditions in cohort one whether it was measured as the percentage of the first four arm 218 entries that were correct (81 ± 14% vs. 83 ± 17%, Wilk's λ =0.98, F(1,17) = 0.39 p = 0.54; 219 Figure 2A ) or as the total number of arm entries needed to collect all four rewards (5.2 ± 220 1.1 arms vs. 4.8 ± 0.9 arms, Wilk's λ = .89, F(1,17) = 2.07, p = 0.17; Figure 2B ). That is, 221 rats in cohort one performed well whether or not their dorsal hippocampus was 222 inactivated prior to test. The lack of difference between these conditions suggests thatthe accurate performance of the radial arm maze DSWS task does not always necessitate 224 the dorsal hippocampus. 225
Prior studies strongly suggest that the dorsal hippocampus should be required for 226 this task. We hypothesized that the lack of hippocampal dependence observed in the 227 first cohort was due to over training. Between reaching behavioral criterion for the first 228 time and receiving the cannulation surgery, rats in the first cohort participated in two 229 pilot experiments. This extending the amount of task training they received by an 230 average of 28.3 ± 8.1 days. To test whether less training would uncover a sensitivity to 231 the hippocampal inactivation, we ran a second cohort of rats. These received an average 232 of only 7.6 ± 4.5 days of training between reaching criterion and undergoing surgery, 233 differing significantly from the first cohort (F(1,16) = 4.49, p =< 0.0001). Consistent 234 with the idea that the first cohort had a better grasp of the task prior to surgery, they 235 returned to criterion significantly faster than the second cohort following surgery (6.4 ± 236 3.2 days vs. 17.3 ± 11.0 days, F(1.16) = 3.68, p = 0.011). Importantly, however, both 237 cohorts reached the initial criterion (before surgery) in a similar number of days (17.44 238 ± 9.54 days vs. 23.44 ± 15.6 days, F(1,16) = 3.383, p = .340), demonstrating that there 239
was not a systematic difference in capability between the cohorts. It is also important to 240 note that in performing the two pilot experiments, the first cohort also received 241 experience (12.55 trials on average) with retention intervals of between 60 and 150 242 minutes whereas the second cohort remained naïve to these long delays. 243
Consistent with the hypothesis that the additional experience the first cohort 244 received reduced the necessity of the hippocampus for accurate performance at test, the 245 second cohort, which did not receive this experience, was sensitive to hippocampal 246 inactivation. Test performance in the second cohort was significantly lower following 247 lidocaine infusions relative to PBS infusions whether measured by percent correct (81 ± 248 16% vs. 64 ± 25%, Wilk's λ = 0.667, F(1,17) = 8.50, p = 0.010; Figure 2A ) or by arm 249 entries (4.9 ± 0.8 arms vs. 5.8 ± 1.3 arms, Wilk's λ = .704, F(1,17) = 7.15, p = 0.016; 250 Figure 2B ). The sensitivity of the second cohort to hippocampal inactivation 251 demonstrates that the dorsal hippocampus is involved performance of the delayed 252 spatial win-shift task, at least initially. When considered together with the data from thespecifically at test. Unfortunately, we were not able to test this hypothesis directly by 283 performing the inactivation prior to the study phase in the first cohort because this 284 striking pattern of results was identified incidentally in analysis of data collected as a 285 control for a larger study after the rats had already been sacrificed. Future research will 286 be needed to test this hypothesis directly. 287
Another key difference may be the amount of training the animals received. The 288 cohort of rats that was insensitive to the inactivation had received considerably more 289 training on the task prior to the cannulation surgery. With this training, they also 290 received experience with delays of 60 minutes or longer. Given the cohort that did not 291 receive the extra training or experience with long delays remained sensitive to the 292 inactivation, it is likely that this experience contributed to the reduction in hippocampal 293 dependence. Whether it was the extra trials of experience or specifically the experience 294 with the long delays that led to this shift remains unclear. The experimental design used 295
here was poorly suited to sorting between these possibilities because it was initially 296 designed for a separate study. 297
In summary, we describe here the incidental finding that pharmacological 298 inactivation of the dorsal hippocampus prior to the test phase of a DSWS task did not 299 impair spatial working memory performance in a cohort of rats. While in a second 300 cohort, the task was sensitive to dorsal hippocampus inactivation. This finding is 301 striking in that it contrasts with what prior work has shown on hippocampal 302 contributions to spatial working memory would have predicted. These results do not 303 directly contradict prior findings however, as there are important procedural differences 304 between what was done here and what has been done previously. Perhaps most 305 importantly, this is the first study to test the effect of dorsal hippocampal inactivation 306 selectively during the DSWS test phase. The present results were found during analysis 307 of non-essential trials of a larger study and additional work is needed, using purpose 308 designed experiments, to better understand the boundary conditions of the current 309 findings. 310 311 312
